Nevertheless, studies based on the early establishment of these coastal forests present strong evidence that, after periods of expansion and contraction in the past, C. echinata has survived only in dry patches separated by stretches of more humid forests. Despite its historical and ecological importance, data on the biology of the species are rather scarce. Studies on the actual distribution, genetic variability, population dynamics and reproductive biology of C. echinata are priorities for the development of shortand long-term conservation strategies of these relic populations (Cunha & Lima 1992; Carvalho 1994) .
Apart from the fact that the maintenance of existing levels of genetic variability may be essential for the longterm survival of endangered species, it is also a pertinent factor when one considers reintroduction of plant populations in the wild. In addition, it can be useful to identify interesting genetic traits for future applied uses (Schaal et al. 1991) . Genetic data may play a significant role in the formulation of appropriate management strategies directed toward the conservation of taxa, besides being useful in understanding the structure, evolutionary relationships, taxonomy and demography of the species (Milligan et al. 1994; Fritsch & Rieseberg 1996) . Furthermore, knowledge of within-and among-population differentiation will help to develop efficient sampling strategies of genetic resources in rare and/or useful species (Bonnin et al. 1996) Applying the appropriate degree of caution, RAPD markers (Williams et al. 1990; Welsh & McClelland 1990) can provide invaluable tools to study patterns of genetic variability (Bonnin et al. 1996; Fritsch & Rieseberg 1996) . The technique has several advantages over other molecular methods, such as less complex and labour-intensive procedures, more arbitrary sampling of the genome, and an essentially unlimited number of available loci. Moreover, RAPDs were found to be particularly appropriate for studies involving small samples sizes, especially for outbreeders, because large numbers of polymorphic loci can be generated. This is of relevance to conservation studies that often assess the genetic status of rare/endangered taxa, which can be represented by very few individuals (Fritsch & Rieseberg 1996) . RAPD analysis has been used to describe population structure and genetic polymorphism in many species, e.g. Gliricidia sepium (Chalmers et al. 1992) , Buchloë dactyloides (Huff et al. 1993) , Hordeum spontaneum (Dawson et al. 1993) , Theobroma cacao (Russel et al. 1993) , Pseudotsuga menziesii (Aagaard et al. 1995) , Eucalyptus globulus (Nesbitt et al. 1995) , Grevillea scapigera (Rosseto et al. 1995) , Spartina alterniflora (Stiller & Denton 1995) , Populus tremuloides (Yeh et al. 1995) , Argyroxiphium sandwicense (Friar et al. 1996) , Medicago truncatula (Bonnin et al. 1996) , Allium aaseae (Smith & Pham 1996) and Amentotaxus formosana (Wang et al. 1996) . This study assesses the partitioning and the extent of genetic variation within and among five different natural remnant populations of C. echinata, using RAPD markers. The results obtained should help to provide a framework for the development of a sound in situ conservation program for this endangered species.
Materials and methods

Plant material
Leaves from 82 individuals of Caesalpinia echinata were collected from five natural populations in the southeastern part of Brasil ( Fig. 1 ; Table 1 ). In every site, sampling was conducted as follows: trees were at least 5 m apart, ≥ 6 m height and with a diameter at breast height ≥ 3 cm. Plant material was stored in silica gel before DNA extraction.
DNA extraction
The isolation procedure is a modification of the method described by Murray & Thompson (1980) . DNA was prepared by grinding ≈ 50-100 mg of dried leaf material in liquid nitrogen, 25 mL of extraction buffer [0.1 M TrisHCl, 0.02 M EDTA, 1.25 M NaCl, 2% MATAB (mixed alkyltrimethylammonium bromide) and 0.1% 2-mercaptoethanol] were added and the samples vortexed, and incubated at 65°C in a water bath for 60 min. After cooling for 10 min at room temperature the homogenate was extracted twice with 5 mL of chloroform:isoamyl alcohol (24:1) and centrifuged at 4400 g for 10 min. The supernatant was transferred into clean tubes and the nucleic acid was precipitated by adding 0.8 vol. isopropanol and pelleted at 14 000 g for 20 min. The pellet was dissolved in 500 µL of sterile water. Absolute ethanol (2 vol.) and 5 M NaCl (0.1 vol.) were added, mixed and the precipitated DNA was collected with a Pasteur pipette and redissolved in 250 µL of sterile distilled water. The DNA content of each sample was measured using a fluorimeter with Hoescht 33258 dye and diluted to 2.5 ng/µL.
Polymerase chain reaction
PCR was performed in a 25 µL total volume containing 50 mM KCl, 10 mM Tris-HCl (pH 8.0), 1.5 mM MgCl 2 , 0.2 mM dNTP, 2.5 U of Taq DNA polymerase, 200 nM primer and 12.5 ng of DNA. Each reaction mix was overlaid with 25 µL of mineral oil to prevent evaporation. Reactions were performed in a thermocycler programmed for an initial melting step of 94°C for 5 min, followed by 45 cycles each of 94°C for 1 min, 35°C for 1 min and 72°C for 2 min. A final extension step of 72°C for 10 min was performed after the 45 cycles. A negative control reaction in which DNA was omitted was included with every run in order to verify the absence of contamination. In order to test reproducibility, duplicate reactions were run with each selected primer with the 82 individuals. Fragments generated by amplification were separated according to size on 1.5% agarose gels run in 1× TBE, stained with ethidium bromide and visualized by illumination with UV light.
Forty 10-mer primers (sets A and H from Operon Technologies Inc.) were evaluated for suitability in a pilot survey. Twenty-four (OPA-1, OPA-2, OPA-4, OPA-5, gave reproducible and informative marker patterns and were selected for a final study.
Statistical analysis
Data were scored as presence (1) and absence (0) of bands. Only data from intensely stained unambigously clear bands were used for statistical analysis. Although the visualization of different-sized DNA products on agarose gels did not exclude the possibility that some contained homologous sequences, for purposes of data analysis each individual primer-specific amplification product was considered to represent the dominant allele at a unique RAPD locus.
The degree of within-population diversity was quantified using Shannon's index of phenotypic diversity (H O = -∑π ln π i ), where ln is the natural logarithm, and π i is the frequency of individual RAPD product i (King & Schaal 1989) .
A matrix of interphenotypic distances based on combined data from all RAPD primers was constructed using the shared band similarity measure of Nei & Li (1979) . Principal co-ordinate analysis based on the similarity matrix was performed in GENSTAT V5.31 using group average linkage to produce a three-dimensional plot showing the relationships between the accessions studied. The similarity matrix was also used to perform a hierarchal analysis of molecular variance (AMOVA; Excoffier et al. 1992) essentially as described by Huff et al. (1993) using the ARLEQUIN software. The same program was used to generate a matrix of pairwise F ST values which was used to construct a dendrogram showing the relationships between populations.
Results
Twenty-four of the 40 primers evaluated generated unambiguous scorable fragments which detected polymorphism between Caesalpinia echinata populations. Sixteen primers produced complex patterns that proved difficult to interpret and were eliminated from the analysis. Out of a total of 140 bands scored, six were monomorphic. The remaining amplified products were either polymorphic within populations (93%) or beteween them (7%). The number of markers varied from four to eight between primers. The size of the amplified fragments scored ranged from 0.4 to 2.8 kb.
Data on the number and distribution of polymorphic products detected with each primer is given in Table 2 . For most primers (n = 20) the per cent of products observed to be polymorphic was 100%. Primers differed in their ability to differentiate between individuals. For
© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 601-608 N is the number of individuals sampled per population example OPA-8 (eight polymorphic products) revealed 29 unique phenotype profiles, while OPA-5 (four polymorphic products) identified only six. Saquarema and Guaratiba populations were characterized by being monomorphic for seven and eight, respectively, of the 24 primers evaluated. Simple measures of intrapopulation variability based on the number of polymorphic products scored in a single population over the total number of scored products ranged from 25% (Saquarema and Guaratiba) to 55% for the Aracruz population.
Of the 140 bands scored, 22% were found in 90% or more of plants, 21% were found in less than 30%, 25% were found in between 30 and 69% and 32% in 70-89% of the plants. Only 10% of the selected fragments were exclusive to single populations. Therefore, RAPD divergence among natural populations of brazilwood was due mainly to band frequency differences rather than the fixation of locally common or rare bands.
The frequencies of products generated with the 24 primers were calculated and used in estimating diversity (H O ) within each of the five populations analysed (Table 3) . Overall the Guaratiba and Saquarema populations exhibited the lowest levels of within-population diversity, although both consist of small sample sizes (n = 10), which affect estimates. However, Aracruz (n = 7) had a much higher level of variability than either population. Aracruz (n = 7) and Eunápolis (n = 14) exhibited similar higher levels of within-population variability while Cabo Frio (n = 41) presented intermediate values. Table 4 contains the results from the AMOVA. There were highly significant differences (P < 0.0001) between the Rio de Janeiro samples (Guaratiba, Saquarema and Cabo Frio populations) and the other two populations (Aracruz and Eunápolis) which together represented another region where the species occurs (28.4%), as well as between populations within either of these two major regions (29.6%). The within-population component accounted for 42.0% of overall variation. The φ ST value (0.580) indicated extreme population subdivision.
Pairwise comparisons between populations showed that there were significant differences among them (Table 5) . F ST values ranged from 0.187 between Cabo Frio and Saquarema to 0.445 between Guaratiba and Aracruz.
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© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 601-608 It is noteworthy that the highest F ST values, and hence a greater differentiation, were found between the most geographically distant populations. A dendrogram based on pairwise F ST values calculated from phenotypic frequencies was also generated (Fig. 2) .
Cabo Frio is most similar to Saquarema (85% similarity) than any other two populations and these populations are 60 km distant from each other, with small patches of forest connecting them, and exhibit the highest effective number of migrants. They are both separated ca. 200 km from the Guaratiba population by a very disturbed region. The similarity between Eunápolis and Aracruz populations (75%) is also remarkable when compared with the other three populations. The dominant pattern which emerges from Fig. 2 is that Cabo Frio, Saquarema and Guaratiba populations appear to form one group and Eunápolis and Aracruz populations another. To examine the relationship between the five populations further, principal co-ordinate analysis, based on the similarity matrix was also undertaken. Figure 3 represents the three principal co-ordinates, which accounted for 46% of the variation. The important feature of this analysis lies in its ability to effectively distinguish between the five C. echinata populations based on RAPD data. Both Fig. 2 and Fig. 3 demonstrate a clear correlation between geographical origin and genetic differentiation as revealed by RAPD analysis.
Discussion
A primary objective of conservation genetics is to estimate the level and distribution of genetic variation in endangered species (Lacy 1988; Fritsch & Rieseberg 1996) . Accurate estimates of diversity are very useful for optimizing sampling strategies and for conserving and managing tree genetic resources (Hamrick et al. 1991; Schaal et al. 1991; Chalmers et al. 1992) . Genetic information is particularly helpful when only a subset of the current populations can be protected and the idenfication of areas
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© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 601-608 of maximum diversity is a priority for the establishment of short-term conservation strategies (Schemske et al. 1994) . RAPD analysis proved to be an effective and reliable tool for detection of genetic variability in the endangered species Caesalpinia echinata. The degree of polymorphism revealed by this method in the five populations was extensive. This is of relevance when working with geographically restricted plant species expected to yield low levels of genetic variability (Hamrick et al. 1991; Smith & Pham 1996) . Each plant showed a distinct and reproducible fingerprint, and it was thus possible to discriminate 82 unique phenotypes with this set of 24 primers. From a conservation point of view the ability to recognize individuals will be important in the monitoring of reintroduced populations because it will, for example, enable the assessment of breeding success in the different genotypes (Rosseto et al. 1995) .
In common with other species of the genus Caesalpinia, brazilwood is expected to be primarily outcrossed (G. Lewis, personal communication). Apart from the seed dispersal mechanism, which is described as explosive (Carvalho 1994) , very little is known about the reproductive biology of the species. However, some morphological features of its flowers indicate that it is vector dependent. Together, those observations would lead us to expect the species to retain most variation within population as in other outcrossing, woody, long-lived plants (Hamrick 1990 ). However, we found that only 42.0% of the total variation was due to the within-population component whereas geographical localization accounts for the rest, partitioned between the two major groups (28.4%) but also among populations within each region (29.6%), indicating a considerable amount of population differentiation. The comparison of our data to other outcrossing species, such as Buchloë dactyloides (Huff et al. 1993) , Eucalyptus globulus (Nesbitt et al. 1995) and Grevillea scapigera (Rosseto et al. 1995) , which have been analysed in a similar fashion, indicates that the percentage of the total variation attributed to differences within populations in C. echinata is relatively low. These observations suggest that, with the exception of the Rio de Janeiro group, there is a limited number of migrants between them (Table 5) . To test this hypothesis, a more direct measure of gene flow utilizing a codominant marker system will be needed. The values observed for brazilwood would appear contrary to the results reported by Hamrick (1990) , based on isozymes in other species. A degree of caution should be employed when comparing isozymes with RAPD data, although population studies that have considered both RAPDs and allozymes have shown similar patterns (Aargaard et al. 1995) in the partitioning of the genetic variation. Furthermore, recent studies based on RAPD markers with outcrossing species such as Buchloë dactyloides (Huff et al. 1993) , Theobroma cacao (Russel et al. 1993) , Eucalyptus globulus (Nesbitt et al. 1995) , Grevillea scapigera (Rosseto et al. 1995) , Camellia sinensis (Wachira et al. 1995) have shown that they retain most variability within populations, confirming isozyme data. Previous studies of the partitioning of RAPD variation with outcrossing and selfing plants have also demonstrated that it is clearly dependent on the patterns of geographical distribution and the mating systems of the species (Nesbitt et al. 1995) . The partitioning observed in C. echinata could therefore suggest that the species may tolerate a degree of inbreeding. As indicated by Hamrick (1990) , inbreeding could be due to the mating between relatives, such as half-sibs, rather than to selfing. In addition, there is evidence that outbreeding is not universal among tropical forest plants, as many tree species with bisexual flowers seem to have at least limited self-compatibility (Bawa & Ashton 1991) . Because C. echinata population sizes are restricted, some levels of inbreeding and also genetic drift could have ocurred. As different populations may lose
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The observation that the genetic variability is not evenly distributed throughout individuals, from different populations, indicates that these forest fragments might not be the result of a once continuous system fragmented exclusively in the last 400 years. Although this fragmentation has been greatly enhanced by overexploitation and urban pressure, there is strong evidence that the initial stock of brazilwood expanded in distribution during the cold, dry periods of the cyclical climate changes of the Quaternary (Bigarella & Andrade Lima 1982) . With the return of the hot and humid climate, which reigns today, the distribution of brazilwood contracted to a few sites where similar conditions to the drier palaeoclimatic periods have prevailed. Thus relic populations of C. echinata have survived isolated by stretches of humid forests (Cunha & Lima 1992) . Our results are in agreement with the taxonomic studies which postulated that the species might have occurred in clumps since the last dry period of the Quaternary (Cunha & Lima 1992) , with a few individuals in between (Carvalho 1994) . This pattern of distribution is sometimes called diffusive rarity (Bawa & Ashton 1991) . Geographical isolation together with some degree of inbreeding may have been important factors in the genetic differentiation observed between the analysed populations.
Overall there would appear to be high levels of population differentiation and these results indicate that, in this case, provenance is important for the establishment of conservation strategies. Populations representing the different regions where the species is naturally found should be protected. And, in considering a recovery process, plants should not be synthesized into populations at the risk of loss and dilution of genetic information.
Even though methods of analysis for estimating genetic variability based on RAPD band frequencies provide lessaccurate estimates than codominant systems, and also tend to emphasize greater differentiation among populations than isozymes (Heun et al. 1994) , RAPD markers proved to be effective in discriminating among five populations of brazilwood. It was possible to establish a clear correlation between genetic and geographical distance and to identify areas of maximum diversity. Although studies of endangered species should ideally employ more than one class of molecular marker (Fritsch & Rieseberg 1996) , it is important to stress that RAPDs were very useful as an initial approach for elucidating the genetic structure of C. echinata and also for addressing new questions relevant to its preservation. Mating systems and gene flow, which are of central interest to tropical ecologists and conservation biologists (Chase et al. 1996) , will be the subject of our further investigations.
Once these issues are better understood, more accurate decisions about the future recovery and conservation of the species can be made. Nevertheless, the knowledge of the genetic structure can be considered as an essential first step in the development of a sound preservation strategy for relic populations of C. echinata, as not all populations will be selected for protection and urgent decisions on this matter will be needed.
